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targeted to the axon initial segment in hippocampal neurons
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and Catherine Faivre-Sarrailh1,*
ABSTRACT
Caspr2 and TAG-1 (also known as CNTNAP2 and CNTN2,
respectively) are cell adhesion molecules (CAMs) associated
with the voltage-gated potassium channels Kv1.1 and Kv1.2 (also
known as KCNA1 and KCNA2, respectively) at regions controlling
axonal excitability, namely, the axon initial segment (AIS) and
juxtaparanodes of myelinated axons. The distribution of Kv1 at
juxtaparanodes requires axo-glial contacts mediated by Caspr2 and
TAG-1. In the present study, we found that TAG-1 strongly colocalizes
with Kv1.2 at the AIS of cultured hippocampal neurons, whereas
Caspr2 is uniformly expressed along the axolemma. Live-cell imaging
revealed that Caspr2 and TAG-1 are sorted together in axonal
transport vesicles. Therefore, their differential distribution may
result from diffusion and trapping mechanisms induced by
selective partnerships. By using deletion constructs, we identified
two molecular determinants of Caspr2 that regulate its axonal
positioning. First, the LNG2-EGF1 modules in the ectodomain of
Caspr2, which are involved in its axonal distribution. Deletion of these
modules promotes AIS localization and association with TAG-1.
Second, the cytoplasmic PDZ-binding site of Caspr2, which could
elicit AIS enrichment and recruitment of the membrane-associated
guanylate kinase (MAGuK) protein MPP2. Hence, the selective
distribution of Caspr2 and TAG-1 may be regulated, allowing them to
modulate the strategic function of the Kv1 complex along axons.
KEY WORDS: Polarity, Axonal transport, Cell adhesion molecule,
Axon initial segment, Juxtaparanode
INTRODUCTION
The axon initial segment (AIS) is a specialized region of neurons
where action potentials are initiated. The high density of specific
voltage-gated Na+ and K+ channels gives the AIS unique electrical
properties. The voltage-gated Na+ channels Nav1.2 and Nav1.6
(also known as SCN2A and SCN8A, respectively) are anchored at
the AIS via the ankyrinG scaffold, which is the major organizer of
this axonal subdomain (Yoshimura and Rasband, 2014; Zhou et al.,
1998). A variety of voltage-gated K+ channels are localized at AIS,
including Kv7.2 and Kv7.3 (also known as KCNQ2 and
KCNQ3, respectively), Kv1.1 and Kv1.2 (KCNA1 and KCNA2,
respectively) and Kv2.1 (KCNB1), which function as modulators
of action potential initiation and frequency (Devaux et al., 2004;
King et al., 2014; Trimmer, 2015; VanWart et al., 2007). The Kv7.2
and Kv7.3 channels are tethered at the AIS through ankyrinG
binding (Pan et al., 2006), while the mechanisms responsible for
Kv2.1 and Kv1.1/Kv1.2 enrichment are poorly understood. The
distribution of Kv channels at the AIS and along axonmay influence
intrinsic excitability and transmitter release (Kole and Stuart, 2012;
Rama et al., 2015).
The Kv1 channels co-purify with several cell adhesion molecules
(CAMs) including Caspr2 (also known as CNTNAP2), TAG-1
(also known as CNTN2), LGI1 and ADAM22 proteins. These
CAMs are autoimmune targets in limbic encephalitis that is
associated with voltage-gated K+ channels (Irani et al., 2010;
Lancaster et al., 2011). The role of Caspr2 and TAG-1 has been well
established at the juxtaparanodes of myelinated axons where they
mediate axo-glial contacts and induce the clustering of Kv1.1 and
Kv1.2 to control the internodal resting potential (Poliak et al., 2003;
Traka et al., 2003). The intracellular protein 4.1B (also known as
EPB41L3), which binds Caspr2 is required for assembling the
juxtaparanodal scaffold (Buttermore et al., 2011; Cifuentes-Diaz
et al., 2011; Einheber et al., 2013; Horresh et al., 2010). In contrast
to juxtaparanodes, Caspr2, and TAG-1, although present at the AIS
are dispensable for the recruitment of Kv1 channels there (Duflocq
et al., 2011; Inda et al., 2006; Ogawa et al., 2008). In addition,
protein 4.1B is not enriched at the AIS while the membrane-
associated guanylate kinase (MAGuK) PSD-93 (also known as
DLG2) is present at that site (Duflocq et al., 2011; Ogawa et al.,
2008). Other membrane proteins interacting with Kv1 channels
could be localized at the AIS. In particular, ADAM22 is recruited at
the AIS of cultured hippocampal neurons with PSD-93, but is not
required for the clustering of Kv1 channels (Ogawa et al., 2010).
Whether CAMs can modulate Kv1 channel surface expression
and activity tuning at the AIS is still unclear. In this regard, it would
be important to analyze the molecular mechanisms that are
implicated in the recruitment of Caspr2 and TAG-1 at the AIS.
We have previously shown that Caspr2 is delivered both to the
somatodendritic and axonal compartments in hippocampal neurons,
and its polarized expression is achieved through selective
endocytosis from the somatodendritic plasma membrane. The cell
surface expression of Caspr2 is regulated through an endocytosis
motif that overlaps with the 4.1B-binding sequence (Bel et al.,
2009). Caspr2 does not interact with type I PDZ proteins, like PSD-
93, but may associate with MAGuK proteins of the MPP2 family
and MUPP1 (also known as MPDZ) (Horresh et al., 2008; Tanabe
et al., 2015). In the present study, we used deletion or chimeric
constructs to identify cytoplasmic and extracellular determinants
implicated in the AIS versus axonal distribution of Caspr2.Received 6 February 2017; Accepted 18 May 2017
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In addition, we examined the interdependence of the two CAMs,
Caspr2 and TAG-1 for their axonal transport and targeting.
RESULTS
TAG-1 is enriched at the AIS whereas Caspr2 is expressed
along the axon in cultured hippocampal neurons
Caspr2 and TAG-1 have been reported to colocalize with Kv1
channels at the AIS in several neuronal subtypes, such as motor
and cortical neurons (Duflocq et al., 2011; Inda et al., 2006). We
analyzed the surface expression of endogenous Caspr2 and
TAG-1 in hippocampal neurons in culture using live double-
immunostaining at 14 days in vitro (DIV14). We observed that
Caspr2 and TAG-1 were differentially distributed. As previously
reported (Pinatel et al., 2015), we used anti-Caspr2 auto-antibodies
from patients with limbic encephalitis to show that Caspr2
surface labeling was polarized to axons (Fig. 1A, red), but not
enriched at the AIS, which can be labeled for ankyrinG (Fig. 1A,
blue). In contrast, TAG-1 was enriched at the AIS, as shown using
mouse anti-TAG-1 monoclonal antibody (mAb) 1C12 (Fig. 1A,
green). As observed for endogenous molecules, transfected
Caspr2–HA was distributed all along the axonal membrane
(Fig. 1B, red), whereas TAG-1–GFP was enriched at the AIS
(Fig. 1B, green).
We asked whether the AIS versus axonal distribution of TAG-1–
GFP and Caspr2–HA might be correlated with the concentration of
Kv1 channels at the AIS. Hippocampal neurons were double-
transfected with both CAMs at DIV14, and their surface expression
was measured at the AIS and along the axon (Fig. 1C–F). TAG-1–
GFP, but not Caspr2–HA, was enriched at the AIS, as also observed
for Kv1.2 (Fig. 1C). Quantitative analysis was performed by
measuring the ratio of the mean fluorescence intensity at the AIS
versus at the axon. The mean AIS:axon ratios were 2.31±0.16 for
Fig. 1. TAG-1 is enriched at the AIS and Caspr2
is uniformly targeted along the axon in cultured
hippocampal neurons. (A,A′) Hippocampal neurons at
DIV14 were surface labeled using human anti-Caspr2
autoantibodies (red) and mouse anti-TAG-1 1C12 mAb
(green), and were then fixed and permeabilized before
staining for the AIS marker ankyrinG (blue). Endogenous
TAG-1 was enriched at the AIS whereas Caspr2 was
uniformly detected along the axon. (B,B′) Hippocampal
neurons at DIV14 were co-transfected with TAG-1–GFP and
Caspr2–HA and surface labeled for GFP (green) and HA
(red). The AIS is indicated with arrowheads. (C–F) DIV14
hippocampal neurons were co-transfected with TAG-1–GFP
and Caspr2–HA and surface labeled for GFP (green) and HA
(red). Neurons were fixed, permeabilized and immunostained
for Kv1.2 (blue). The AIS:axon ratio (denoted AIS/axon) of
fluorescence intensity was calculated and expressed as the
mean±s.e.m. (n=46) (D), or plotted for individual neurons
(E,F). *P<0.01 by comparison with TAG-1 (ANOVA). Note
that TAG-1–GFP enrichment at the AIS correlates with the
level of AIS enrichment of endogenous Kv1.2, whereas that
for Caspr2–HA does not. Scale bars: 20 µm (B); 10 µm (C).
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TAG-1–GFP, 1.16±0.09 for Caspr2-HA and 2.37±0.15 for Kv1.2
(mean±s.e.m.; Fig. 1D). The individual values (n=46) were plotted,
showing that the AIS:axon ratio for TAG-1 was correlated with the
AIS:axon ratio value for the Kv1.2 channel (Fig. 1E). In contrast,
Caspr2–HA was not enriched at the AIS of neurons, even in axons
where the Kv1.2 channels were highly enriched in the AIS (Fig. 1F).
This result indicates that TAG-1 and Kv1 may be anchored to the
AIS in a complex within the same scaffold.
Since TAG-1 is a glycophosphatidylinositol (GPI)-anchored
CAM, it does not directly interact with intracellular AIS
components. The Ig domains of TAG-1 interact with multiple
binding partners including NrCAM and the neurofascin isoform
186 (neurofascin-186) (Fig. S1). These two related CAMs are
trapped at the AIS via their ankyrin-binding motif (Davis et al.,
1996). Therefore, we analyzed the role of the Ig and fibronectin type
III (FnIII) domains of TAG-1 in its enrichment at the AIS (Fig. 2).
GFP-tagged full-length TAG-1, and GFP-tagged deletion mutants
TAG-1-Ig (containing only the Ig domain) and TAG-1-Fn
(containing only the FnIII domains) (schematized in Fig. 2D)
were transfected in hippocampal neurons at DIV14 (Fig. 2A–C).
The AIS:axon ratio was significantly reduced for the TAG-1-Ig
and TAG-1-Fn deletion mutants (1.38±0.08 and 1.14±0.09,
respectively) compared to that seen for full-length TAG-1
(2.53±0.14) (Fig. 2E). Next, we analyzed the Kv1.2 expression in
neurons transfected with TAG-1-Ig and TAG-1-Fn. Kv1.2 (red) was
enriched at the AIS labeled for ankyrinG (blue), whereas both TAG-
1 deletion mutants (green) were evenly distributed along the axon
(Fig. 2G,H). The AIS:axon ratio for Kv1.2 was 2.23±0.15 (n=26)
and 2.81±0.24 (n=15) in neurons transfected with TAG-1-Ig and
TAG-1-Fn, respectively. Plotting of individual values did not
indicate any correlation between the AIS:axon ratios of Kv1.2 and
TAG1 deletion mutants (Fig. 2I,J). Thus, the conformation of the
full-length TAG-1 molecule seems to be required for its proper
targeting at the AIS. These data also suggest that TAG-1 might be
Fig. 2. Deletion of the Ig or FnIII domains of TAG-1
prevents its enrichment at the AIS in cultured
hippocampal neurons. Neurons at DIV14 were transfected
with TAG-1–GFP (A,F), TAG-1-Ig (B,G) or TAG-1-Fn (C,H).
(A–C) Neurons were surface labeled for GFP (red), then
permeabilized and immunostained for ankyrinG (blue). Note
that only full-length TAG-1–GFP is highly recruited to the AIS.
(D) Schematic drawing of the TAG-1 deletion mutants.
(E) AIS:axon ratios of fluorescence intensity (mean±s.e.m.,
n=18). *P<0.01 by comparison with full-length TAG-1–GFP
(ANOVA). (F–H) Neurons were surface labeled for GFP
(green), then permeabilized and immunostained for ankyrinG
(blue) and Kv1.2 (red). Arrowheads in A–C and F–H indicate
the AIS. (I,J) The AIS:axon ratio (AIS/axon) of fluorescence
intensity for TAG-1-Ig or TAG-1-Fn versus Kv1.2 was plotted
for individual neurons. Scale bars: 20 µm (C); 5 µm (H).
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recruited to the Kv1 complex independently of the neurofascin–
NrCAM–ankyrinG complex.
The LNG2 and EGF1 modules in the ectodomain of Caspr2
determine its axonal distribution
Next, we addressed the role of the Caspr2 ectodomain in its
polarized expression to the axonal surface. We analyzed the
distribution of a series of HA-tagged Caspr2 constructs with
sequential deletions of modules in the ectodomain (Fig. 3A; Pinatel
et al., 2015). After transfection at DIV7, hippocampal neurons were
surface labeled for HA (green), and then fixed and permeabilized
before staining for ankyrinG as an AIS marker (blue). Strikingly,
Caspr2Δ2, which has a deletion of the laminin-G2 (LNG2) and
EGF-like1 (EGF1) modules, was strongly enriched at the AIS
(Fig. 3C,F) by contrast with full-length Caspr2 (Fig. 3B,D). All the
other deletion mutants (Caspr2Δ1, Caspr2Δ3 and Caspr2Δ4) were
distributed along the axon (Fig. 3E,G,H). Quantitative analysis
indicated that the mean AIS:axon ratio of Caspr2Δ2 (2.4±0.4) was
significantly increased in comparison with that for full-length
Caspr2 (0.95±0.1) (Fig. 3I). We observed that Caspr2Δ2 enrichment
at the AIS of transfected neurons correlated with the level of
endogenous Kv1.2 enrichment by plotting individual values for the
AIS:axon ratios (n=27) (Fig. S2A–C). Therefore, the LNG2 and
EGF1 modules in the ectodomain may exert a dominant effect,
promoting the distribution of Caspr2 all along the axon.
Alternatively, deletion of these modules may induce a
conformational change and influence the association between
Caspr2 and TAG-1.
To analyze the interaction between Caspr2 and TAG-1, co-
immunoprecipitation experiments were performed using extracts
Fig. 3. The expression of the Caspr2Δ2
deletion mutant is restricted to the AIS.
(A) Caspr2–HA constructs encompassing
sequential deletions: Δ1 has a deletion of the
N-terminal discoïdin and LNG1 domains,
Δ2 has a deletion of the LNG2 and EGF1
domains, Δ3 has a deletion of the central
fibrinogen and LNG3 domains, and Δ4 has
a deletion of the EGF2 and LNG4 domains.
(B–H) Rat hippocampal neurons were
transfected with the Caspr2 constructs and
surface labeled at DIV7 with anti-HA mAb
(green). The Caspr2Δ2 mutant (C) is highly
enriched at the AIS by comparison with full-
length Caspr2 (B). Cells were fixed with 4%
paraformaldehyde, permeabilized and
double-stained for ankyrinG (blue). The soma
is indicated with circles and AIS highlighted
with arrowheads. (D–H) Axonal profiles of
fluorescence intensity of Caspr2 constructs
(green) and ankyrinG (blue). Arrowheads
mark each end of the AIS. Scale bars: 20 µm
(C); 10 µm (H). (I) Ratio of fluorescence
intensity for Caspr2 constructs measured at
the AIS and along the axon (mean±s.e.m.,
n=10). *P<0.01 by comparison with full-
length Caspr2 (C2) (ANOVA). (J) Co-
immunoprecipitation experiments from HEK
cells transfected with TAG-1–GFP and HA-
tagged Caspr2, either full-length (C2) or
Caspr2Δ2 (Δ2). Immunoprecipitation was
performed using a rabbit antiserum directed
against the cytoplasmic tail of Caspr2 (IP
Caspr2) or with control rabbit IgGs (IP Ctl).
Western blotting (WB) was performed using
rabbit anti-Caspr2 or anti-TAG-1 antibody in
the lysates (input) and immunoprecipitates.
(K) Quantitative (mean±s.e.m.) analysis of
the level of co-immunoprecipitated proteins
was performed from five independent
experiments with the ImageJ software. The
ratio of co-immunoprecipitated TAG1 over
immunoprecipitated Caspr2 signal intensities
was calculated. Results were presented as
index values relative to the full-length Caspr2
condition. **P<0.01 (Mann–Whitney’s test).
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from HEK cells co-transfected with TAG-1–GFP and Caspr2–HA
constructs. As shown in Fig. 3J, both Caspr2 and Caspr2Δ2
constructs interacted with TAG-1. Quantitative analysis indicated
that the Δ2 deletion significantly increased co-immunoprecipitation
of TAG-1 (+78%, n=5) by comparison with full-length Caspr2
(Fig. 3K). Thus, Caspr2Δ2 might be enriched at the AIS because of
its tight binding with endogenous TAG-1. Deletion of the LNG2
and EGF1 domains in the Caspr2Δ2 mutant may induce a
conformational change favoring TAG-1 binding or association of
the Caspr2Δ2 cytoplasmic tail to scaffolding molecules.
Caspr2 and TAG-1 are colocalized in axonal transport
vesicles
Caspr2 and TAG-1 are known to interact in cis (Fig. 3J; Traka et al.,
2003). However, they are differentially distributed along the axon,
as TAG-1 is enriched at the AIS whereas Caspr2 evenly detected all
along the axon. We performed time-lapse recording of neurons
transfected at DIV7 with Caspr2–mCherry and TAG-1–GFP to get
some insight into their axonal-targeting mechanisms (Fig. 4). The
axon was clearly identified on the basis of its length, and was
strongly enriched in transport vesicles by comparison with
dendrites. In addition, live immunolabeling of neurofascin-186
was used to precisely localize the AIS after time-lapse recording
(Fig. 5, blue). We found that most of the axonal transport vesicles
were colabeled for Caspr2 and TAG-1 (Fig. 4E; Movie 1).
Kymograph analysis of transport events indicated that double-
labeled vesicles moved bi-directionally as illustrated in Fig. 4B–D.
In neurons that were transfected with TAG-1–GFP alone, we
observed that labeled vesicles were mostly axonally transported
in the retrograde direction with a maximal velocity (Vm) of
0.34–0.64 µm/s (Table S1; Fig. 5A). In neurons that were
transfected with Caspr2–mCherry alone, labeled vesicles were
transported in the anterograde and retrograde directions with a Vm of
0.66–1.46 and 0.75–0.95 µm/s, respectively (Table S1; Fig. 5B,C).
The vesicular transport of Caspr2–mCherry was similar to that
described previously for Caspr2–GFP (Bel et al., 2009). Of note,
mCherry was fused at the C-terminal of Caspr2 and did not perturb
its transport by comparison with GFP, which was inserted
downstream the signal peptide. Finally, when double-transfected
for Caspr2 and TAG-1, some neurons exhibited bidirectional
transport of colabeled vesicles (Fig. 5D; Table S1), whereas in most
neurons, the vesicular transport was mainly observed in the
retrograde direction with a velocity of 0.35–0.62 µm/s (Fig. 5E,F;
Movie 2, Table S1). Some vesicles were observed moving
retrogradely starting from the axonal growth cone (Movie 3) and
may result from endocytosis as previously described (Bel et al.,
2009). The retrograde axonal transport may indicate a very dynamic
renewal of Caspr2 and TAG-1 at the axonal membrane.
In conclusion, Caspr2 and TAG-1 are sorted within the same
axonal vesicles even if they are distributed to distinct locations along
the axon. Thus, we hypothesize that these proteins may be
differentially distributed to AIS or axon according to diffusion
and/or trapping mechanisms.
The cytoplasmic tail of Caspr2 promotes the recruitment of
the MAGuK protein MPP2 at the AIS
Next, we addressed the role of the cytoplasmic tail of Caspr2 and
whether it may contain a motif for its recruitment to the axon. We
generated a Nr–Caspr2cyt construct (Fig. 6A) with the cytoplasmic
tail of Caspr2 fused to the reporter NrCAM-Ig previously described
in Falk et al., (2004). Strikingly, we observed that this chimera
(green) was strongly enriched at the AIS surface of DIV8
hippocampal neurons double-stained for ankyrinG (blue)
(Fig. 6B,C), with an AIS:axon ratio of 4±0.6 (Fig. 6G). Deletion
of the C-terminal region or the PDZ-binding motif induced re-
localization all along the axonwith an AIS:axon ratio of 1.5±0.3 and
1.6±0.2, respectively (Fig. 6E–G).We also observed that deletion of
the 4.1B-binding site induced a significant decrease in the AIS
enrichment. The Δ4.1B mutant displayed an AIS:axon ratio of
2.1±0.3 (Fig. 6D,G). These results indicate that the cytoplasmic
region of Caspr2 contains determinants for its AIS enrichment,
namely, the 4.1B- and PDZ-binding domains. However, in the
context of full-length Caspr2, its ectodomain exerts a dominant
effect promoting axonal distribution.
The PDZ-binding domain of Caspr2 is a type II binding sequence
and does not interacting with type I PSD-93 or PSD-95 as reported
for Kv1 channels (Ogawa et al., 2008). It was reported to associate
with MAGuK proteins of the CASK and MPP2 family in GST
pulldown assays (Horresh et al., 2008). Hence, we generated
CASK–mCherry and MPP2–mCherry constructs and observed that
these MAGuK proteins were strongly recruited to the plasma
Fig. 4. Caspr2 and TAG-1 are colocalized within axonal transport
vesicles. (A) Axon of hippocampal neuron co-transfected at DIV7 with TAG-1–
GFP and Caspr2–mCherry. Time-lapse images of axonal transport vesicles
were acquired at 1 frame every 1.5 s for 220 s. (B–D) Corresponding
kymographs showing overlapping trajectories of vesicles labeled for TAG-1–
GFP (B) and Caspr2–mCherry (C). (D) Anterograde and retrograde events are
underlined with yellow and blue lines, respectively, and the velocity measured
for each transport event. (E) Time-lapse sequence showing a moving vesicle
that contains both TAG-1–GFP and Caspr2-–mCherry indicated with arrows.
Scale bars: 10 µm (A); 6 µm (E). See also the corresponding Movie 1.
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membrane when co-transfected with Nr–Caspr2cyt in HEK cells, as
shown for MPP2 (Fig. 7A). MPP2 was not recruited to the plasma
membrane by Nr–Caspr2cyt with a deletion of its PDZ-binding
domain (Fig. 7B). Next, we performed co-immunoprecipitation
experiments after transfection in HEK cells. Caspr2 was precipitated
with MPP2 (Fig. 7D–G, last lane) and with CASK (data not shown).
Nr–Caspr2cyt was even more strongly precipitated by MPP2
(Fig. 7D–G, first lane). As expected, co-immunoprecipitation of
Nr–Caspr2cyt with MPP2 was prevented by deletion of its C-
terminal region or PDZ-binding domain (Fig. 7D–G, ΔC and ΔZ).
Deletion of the 4.1B-binding site also significantly inhibited co-
immunoprecipitation with MPP2 (Fig. 7D–G, Δ4.1), indicating that
it may participate in stabilizing the interaction with the MAGuK
protein.
To examine whether MAGuK proteins could be recruited to
the AIS, hippocampal neurons were co-transfected with Caspr2,
Caspr2Δ2, or Nr–Caspr2cyt and MPP2–mCherry (Fig. 8). When
co-transfected with full-length Caspr2, MPP2–mCherry was
homogenously distributed in the cytoplasm of hippocampal
neurons and did not colocalize with Caspr2 along the axon
(Fig. 8A). Strikingly, MPP2–mCherry became recruited to the AIS
when co-transfected with Caspr2Δ2 (Fig. 8B,B′) or Nr–Caspr2cyt
(Fig. 8C,D,D′). In addition, MPP2–mCherry colocalized with
Nr–Caspr2cyt in intracellular vesicles (Fig. 8D″) in accordance
Fig. 5. Hippocampal neurons
showing different types of axonal
transport events for TAG-1–GFP
and Caspr2–mCherry vesicles.
Hippocampal neurons were transfected
at DIV7 with TAG-1–GFP (A), Caspr2–
mCherry (B,C) or double-transfected
with both CAMs (D–F). Time-lapse
images of axonal transport vesicles
were acquired at 1 frame every 1.5 s for
450 s. (B–F) Live immunostaining with
Alexa-Fluor-647-coupled anti-
neurofascin-186 was performed to
determine the AIS location (blue), as
indicated with arrowheads in B′–D′.
The insets in A′–F′ show the scanned
axonal regions. Underlined axonal
segments were used for kymograph
analysis (axonal length in x-axis, time in
y-axis) (A″–F″) and the maximal
velocity (Vm) was determined for
anterograde (ant) and retrograde (retro)
events. Note that in A″,E″ and F″,
transport events were mostly in the
retrograde direction for TAG-1–GFP
(A″), Caspr2–mCherry (C″) and
double-labeled vesicles (E″,F″). In
some neurons, bidirectional events
were detected for Caspr2–mCherry
and double-labeled vesicles (B″,D″).
See also Movie 2 showing retrograde
transport of double-labeled vesicles.
Scale bar: 20 µm (F); 10 µm (F′).
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with endocytosis mediated by the Caspr2 cytoplasmic tail
(Bel et al., 2009).
The fact that, upon transfection ofCaspr2,MPP2was not recruited
to the AIS or along the axon, indicated that an outside-in mechanism
might regulate this association. The C-terminal region of Caspr2
contains several consensus sites for phosphorylation by the casein
kinase 2 (CK2) (Thr1319, Thr1321 and Ser1325; NetPhos 3.1
prediction server) that might regulate the PDZ-binding site of
Caspr2. We generated several constructs of Nr–Caspr2cyt as shown
in Fig. 7C including mutating Thr1319 and Thr1321 into alanine
(TTAA) or glutamate (TTEE) residues and mutation of Ser1325 to a
glutamate residue (SE).When transfected into hippocampal neurons,
all these mutated constructs were recruited to the AIS (not shown).
In addition, co-immunoprecipitation experiments did not show any
effect of these mutations on MPP2 binding (Fig. 7D–G). Thus, we
could not identify a phosphorylation mechanism possibly regulating
the recruitment of Caspr2 at the AIS through its interaction with a
MAGuK protein. Alternatively, we showed that the 4.1B-binding
domain plays a modulating role on this interaction.
We examined whether the recruitment of Nr–Caspr2cyt and
MPP2 at the AIS may be correlated with the concentration of Kv1
channels at that site. Hippocampal neurons were co-transfected with
Nr–Caspr2cyt and MPP2. The mean AIS:axon ratio of fluorescence
intensity was 3.10±0.17 for Nr–Caspr2cyt, 3.09±0.56 for MPP2,
and 2.94±0.32 for Kv1.2 (Fig. S2). The individual values (n=18)
were plotted showing that the AIS:axon ratios for both Nr–
Caspr2cyt and MMP2 were correlated with that of the Kv1.2
channels. This result indicated that MPP2 can be recruited by the
scaffold associated with the Kv1.2 complex.
Taken together, these data indicate that MPP2 could be trapped at
the AIS through its association with the Caspr2 PDZ-binding
domain. This MPP2 interaction appears to be downregulated in full-
length Caspr2. An important point will be to determine which
endogenous MAGuK protein of the MPP2 family could be present
at the AIS.
DISCUSSION
The precise sub-compartmental profile of Kv1 channels at AIS and
along axons is critical for the shaping of neuronal signaling. In the
present study, we showed that two CAMs associated with Kv1,
TAG-1 and Caspr2, are distinctly targeted along the axon in
hippocampal neurons. TAG-1 strongly colocalizes with Kv1.2
channels at the AIS whereas Caspr2 is evenly distributed along the
axon, in contrast to their colocalization at juxtaparanodes. Live
imaging of Caspr2 and TAG-1 vesicular transport revealed that they
are sorted together in the same axonal transport vesicles. Thus, we
hypothesize that their differential distribution may result from
diffusion and/or trapping mechanisms induced by selective
partnerships. We identified two molecular determinants of Caspr2
that regulate its axonal positioning. First, we showed that deletion of
the LNG2-EGF1 extracellular modules in Caspr2Δ2 induces its
restricted localization at the AIS and strengthened its association
with TAG-1. Second, we demonstrated that the cytoplasmic tail of
Caspr2 contains a PDZ-binding site that elicits AIS enrichment and
recruitment of the MAGuK protein MPP2. Hence, the distribution
of Caspr2 and TAG-1 at the AIS versus all along the axon may be
regulated and participate in the strategic function of the Kv1
complex along axons.
We previously showed that Caspr2 is both inserted at the axonal
and somatodendritic membranes (Bel et al., 2009). The selective
endocytosis of Caspr2 in the somatodendritic compartment further
promotes its polarized expression at the axonal surface (Bel et al.,
2009). The distinct distribution of TAG-1 and Caspr2 at the AIS and
along the axon could have been due to their sorting in dedicated
vesicles that would then fuse to specific domains. However, in
live-cell imaging experiments, we observed that TAG-1 and Caspr2
Fig. 6. The Caspr2 cytoplasmic region promotes enrichment at the AIS. (A) The Nr–Caspr2cyt reporter construct contains the Caspr2 transmembrane and
cytoplasmic regions fused to theNrCAM signal peptide and Ig domains, taggedwith HA andGFP. The sequence of the cytoplasmic tail of Caspr2 contains a 4.1B-
binding region (purple), an endocytosis motif (red box) and a PDZ-binding motif (orange). Deletions in Δ4.1B, ΔCter and ΔPDZ mutants are indicated. (B–F)
Hippocampal neurons transfected at DIV7 with the reporter Nr–Caspr2cyt constructs and surface labeled with anti-HA mAb (green). Double-staining was
performed for the AIS marker ankyrinG (blue). The soma is indicated with circles and AIS highlighted with arrowheads. Note that only Nr–Caspr2cyt is highly
enriched at the AIS (B,C). Scale bars: 20 µm (B); 10 µm (F). (G) AIS:axon (AIS/axon) ratios of fluorescence intensity measured for Nr–Caspr2cyt (NrC2cyt) and
the deleted constructs Δ4.1B, ΔCter and ΔPDZ (means±s.e.m.; n=10). *P<0.05 by comparison with Nr–Caspr2cyt (ANOVA).
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are colocalized in axonal transport vesicles. We noticed that both
TAG-1 and Caspr2 are mostly transported in the retrograde
direction. Hence, these proteins are not packaged into separate
vesicles and their proper cell surface accumulation at different
axonal sites may depend on diffusion-trapping mechanisms. The
AIS is a zone of restricted diffusion for the lateral mobility of
transmembrane proteins that are anchored to the ankyrin–spectrin–
actin cytoskeleton, like neurofascin-186 and voltage-gated Na+
channels (Jenkins and Bennett, 2001; Leterrier, 2016). This zone
contains a high density of proteins that are anchored to cortical actin
and act as a picket fence that restrains the diffusion of unanchored
constituents (Winckler et al., 1999), such as GPI-anchored proteins
like TAG-1. The limited diffusion of GPI-anchored proteins at the
AIS may be also related to the periodic organization of the actin
cytoskeleton recently revealed by super-resolution microscopy
(Albrecht et al., 2016). In addition, the AIS is the site of a selective
barrier for vesicles carrying dendritic cargoes that only enter into the
base of the axon, before stopping and returning to the soma. In
contrast, axonal cargo vesicles pass through the AIS and proceed
to the distal axon (Al-Bassam et al., 2012; Petersen et al., 2014).
Here, we observed that both Caspr2 and TAG-1 vesicles are
axonally transported through the AIS without impediment both
in the anterograde and retrograde directions and we did not
observe any fusion of vesicles within the AIS. Retrogradely moving
vesicles were also observed starting from the axonal growth cone
and likely result from endocytosis. In a previous paper (Bel et al.,
2009), we reported that Caspr2 is strongly internalized in the
somato-dendritic compartment by comparison with the axon. Since
axons are highly ramified at DIV8, even if endocytosis occurred at a
low rate, the multiple axonal tips might produce a number of
retrogradely moving vesicles. The retrograde axonal transport
suggests a very dynamic renewal of Caspr2 and TAG-1 at the
axonal membrane.
TAG-1 is a GPI-anchored molecule, indicating that its
ectodomain may drive its distribution at the AIS. As an Ig-CAM,
TAG-1 displays a broad activity of binding and may associate with
NrCAM or neurofascin-186 (Lustig et al., 1999), which are trapped
at the AIS via an ankyrin-binding motif (Davis et al., 1996).
However, we showed that the TAG-1-Ig construct is poorly enriched
at the AIS when compared with full-length TAG-1, indicating
Fig. 7. The PDZ-protein MPP2 interacts with Caspr2 in transfected HEK cells. (A,B) HEK cells were co-transfected with MPP2–mCherry and Nr–Caspr2cyt
(A) or ΔPDZ (B) constructs. Cells were fixed with methanol and the fluorescencewas directly imaged in confocal sections. The cytoplasmic tail of Caspr2 induced
the recruitment of MPP2 at the cell membrane (arrowheads in A) and deletion of the PDZ-binding regions prevented its recruitment (arrowheads in B). Scale bar:
5 µm. (C) Nr–Caspr2cyt constructs were generated with mutations (indicated in red) of the Thr and Ser-phosphorylation sites in the C-terminal region upstream
the PDZ-binding sequence (orange). Thr1319 and Thr1321 were mutated to alanine residues (TTAA) or glutamate residues (TTEE), or the Ser1325 wasmutated
into a glutamate residue (SE). (D–F) HEK cells were co-transfected with MPP2–mCherry and HA-tagged full-length Caspr2 or Nr–Caspr2cyt mutants. Cells were
lysed and the supernatants analyzed for expression of Caspr2 and Nr–Caspr2cyt mutants by western blotting (WB) for HA (D, input). Immunoprecipitation (IP)
was performed using rabbit anti-mCherry antibody and the immunoprecipitates (IP) analyzed by western blotting for MPP2–mCherry (E) and HA-tagged
constructs (F). Caspr2 (C2) andNr–Caspr2cyt (NrC2cyt) constructs were co-immunoprecipitatedwithMPP2. Mutants with deletion of the C-terminal (ΔC) or PDZ-
binding (ΔZ) domain were not co-precipitated, and mutations of the Ser- or Thr-phosphorylation sites in the C-terminal region had no effect. Deletion of the 4.1B-
binding (Δ4.1) region strongly reduced the interaction with MPP2. The experiments were performed in triplicate. Quantitative analysis of co-immunoprecipitated
proteins was performed using the ImageJ software and expressed as a mean±s.e.m. percentage of the Nr–Caspr2cyt value. *P<0.05; ** P<0.01 by comparison
with Nr-Caspr2cyt (ANOVA).
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that the conformation of the intact molecule is essential for its
enrichment at the AIS, which may occur independently of NrCAM/
neurofascin-186 binding. The extracellular domain of Caspr2 is
implicated in its axonal versus AIS distribution. Deletion of the
LNG2-EGF1 region induces the concentration of Caspr2Δ2 at the
AIS. One hypothesis could be that these modules interact with a
cis-partner that drives the distribution of Caspr2 all along the axon.
Alternatively, given the overall organization of Caspr2, the LNG2-
EGF1 deletion may induce a structural change favoring TAG-1
binding. The architecture of Caspr2 is composed of three lobes with
the discoidin, LNG1 and LNG2 domains forming a large lobe, the
fibrinogen and LNG3 a middle lobe, and LNG4 a small lobe (Lu
et al., 2016; Rubio-Marrero et al., 2016). In support of this second
hypothesis, we showed that deletion of the LNG2-EGF1 modules of
Caspr2 increases its cis-association with TAG-1 as analyzed using
co-immunoprecipitation experiments from double-transfected
HEK cells.
The cytoplasmic tail of Caspr2 contains a juxtamembrane 4.1B-
binding sequence and a C-terminal PDZ type II-binding motif. We
showed that deletion of each of these motifs decreases the AIS
enrichment of the Caspr2 cytoplasmic tail reporter construct.
Proteomic analysis had revealed that Caspr2 may interact with a
set of scaffolding proteins including the MAGuKs MPP2 and
CASK, and the multiple PDZ domain protein MUPP1 (Horresh
Fig. 8. The PDZ-protein MPP2 is
recruited by the Caspr2 cytoplasmic
tail at the AIS of hippocampal
neurons. (A,B) Hippocampal neurons
were co-transfected at DIV7 with
MPP2–mCherry and full-length Caspr2
(A) or Caspr2Δ2 (B,B′). Neurons were
surface labeled at DIV8 with anti-HA
mAb (green) and fixed. The
fluorescence for MPP2–mCherry was
directly imaged (red). Note that MPP2
colocalized in clusters with Caspr2Δ2
at the AIS (arrowheads). (C,D)
Hippocampal neurons were transfected
with MPP2–mCherry and GFP-tagged
Nr–Caspr2cyt. Cells were surface
labeled for GFP (blue) and fixed. The
fluorescence for MPP2–mCherry (red)
and Nr–Caspr2cyt (green) was directly
imaged. Note, that MPP2 strongly
colocalized with Nr-Caspr2cyt at the
AIS (yellow arrowheads in C,D) and in
intracellular vesicles (white arrowheads
inD″). Scale bar: 20 µm (D), 10 µm (D″).
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et al., 2008; Tanabe et al., 2015). Horresh et al. also reported that the
association of Caspr2 with MPP2 requires its 4.1B- and PDZ-
binding regions (Horresh et al., 2008). We showed here that Caspr2
could be co-immunoprecipitated with MPP2 or CASK from the
lysate of co-transfected HEK cells. Deletion of the 4.1B-binding
domain significantly decreases co-immunoprecipitation and also
prevents the recruitment of MPP2 to the plasma membrane of HEK
cells. In contrast, we did not see any effect of mutating the consensus
sites for CK2 phosphorylation located in the C-terminal region.
Interestingly, the Caspr2 cytoplasmic tail in the reporter construct
and in the Caspr2Δ2 mutant strongly recruits MPP2–mCherry at the
AIS of transfected hippocampal neurons. We noticed that in the
context of Caspr2 full-length molecule, MPP2 was not recruited
by the Caspr2 cytoplasmic tail at the AIS or along the axon.
The ectodomain of Caspr2 contains the LNG2-EGF1 modules
implicated in its axonal targeting, likely by regulating cis-interaction
with CAMs. Hence, an outside-in mechanism might regulate the
recruitment of a MAGuK protein and 4.1B to stabilize Caspr2 at the
AIS depending on the neuronal cell type or cellular context. It would
be interesting to elucidate whether any endogenous proteins of the
MPP2 family may be present at the AIS. MPP2 is a MAGuK protein
that contains two L27 domains belonging to a subfamily which also
contains Varicose, a component ofDrosophila septate junctions that
binds neurexin IV, the homolog of Caspr and Caspr2 (Laval et al.,
2008; Wu et al., 2007). CASK, which contains a calmodulin
kinase domain and binds neurexin, is implicated in synaptic
protein targeting (Hsueh, 2006). Caspr2 has been also reported to
interact with MUPP1, which may play a role at the post-synapse
(Krapivinsky et al., 2004; Tanabe et al., 2015). To our knowledge,
none of these scaffolding proteins have been identified at theAIS and
we were not able to detect MPP2 or CASK at this axonal sub-region
using available commercial antibodies (data not shown).
The AIS diversity may reflect the physiological properties of the
different neuronal cell types. In addition, the AIS may be a dynamic
unit regulating intrinsic excitability of neurons during homeostatic
plasticity or in pathological conditions (Kuba et al., 2010). Indeed,
the position of AIS moves distally in hippocampal neurons after
depolarization, and this movement correlates with change in current
threshold for spike firing (Grubb and Burrone, 2010). We
hypothesize that the AIS distribution of the Kv1 complex may be
regulated depending on the neuronal cell type, differentiation stage
or activity to fine-tune neuronal excitability. During the maturation
of cultured hippocampal neurons, the Nav1.2 channels are recruited
to the AIS shortly after ankyrinG at around DIV3, while the Kv1
channels begin to concentrate at DIV10 at that site (Sanchez-Ponce
et al., 2012). TAG-1 is enriched at the AIS at DIV14, as observed for
Kv1 channels. Since several CAMs associated with the Kv1
channels, including Caspr2 and LGI1, are implicated in genetic or
autoimmune psychiatric diseases (Lai et al., 2010), it will be
important to study whether their distribution at the AIS may provide
clues on neuronal excitability in physiological and pathological
conditions.
MATERIALS AND METHODS
Constructs
The pCDNA3-Caspr2-HA construct encodes human Caspr2 with the HA
epitope inserted downstream of the signal peptide between the residues
Trp26 and Thr27 (Bel et al., 2009). The Caspr2–HA deletion constructs,
Caspr2Δ1 (Δ32-361), Caspr2Δ2 (Δ362-600), Caspr2Δ3 (Δ600-950),
Caspr2Δ4 (Δ955-1169) were as described previously (Pinatel et al.,
2015). The NrCAM–Caspr2cyt construct was generated by insertion of
the Caspr2 transmembrane and cytoplasmic regions downstream the signal
peptide and Ig domains of NrCAM, and is tagged with HA and GFP (Falk
et al., 2004). NrCAM–GFP, TAG-1-Fc, TAG-1-Ig-Fc and neurofascin-186–
HAwere as described previously (Falk et al., 2004; Labasque et al., 2011).
Nr-Caspr2cyt constructs with deletions of the binding site for 4.1B
(Δ1288-1305), the PDZ-binding domain (stop at residue 1330) or the
C-terminal region (stop codon at residue 1306) were generated. The human
TAG-1–GFP and Caspr2–GFP constructs with GFP downstream of the
signal peptide were as described previously (Bel et al., 2009; Pinatel et al.,
2015). The human TAG-1–GFP deletion constructs were generated by PCR
amplification from the previously described TAG-1-Ig and TAG-1-Fn
constructs (Tzimourakas et al., 2007), and were inserted in the XhoI/ HindIII
sites of a pEGFP-C1 plasmid vector modified to contain the signal peptide
of TAG-1 upstream of GFP. Caspr2–mCherry, with mCherry at the
C-terminus, was generated by insertion into the EcoRI-BamHI sites of
pmCherry-N1. The coding sequence of human CASK and MPP2 were
obtained from OriGene (Rockville, USA) and inserted into the EcoR1-
BamH1 sites of pmCherry-N1 vector. PCR amplified products were verified
by sequencing (Genewiz, Takeley, GB).
Antibodies and immunofluorescence staining
The rat anti-HA mAb (clone 3F10, ref. 11867423001) was purchased from
Roche (Meylan, France), the goat anti-GFP antibody (ab5450) from abcam
(Paris, France), the rabbit anti-GFP antibody (A11122) from Molecular
Probes (ThermoFisher, Courtaboeuf, France), the rabbit anti-RFP (anti-
mCherry) antibody from Rockland (Limerick, USA), the rabbit anti-TAG-1
antibody (ABN1379) fromMillipore (MerckMillipore, Fontenay sous Bois,
France). The mouse anti-ankyrinG (N106/36), anti-CASK (clone K56A/
50), and anti-neurofascin186 (clone A12/18) mAbs were obtained from the
UC Davis/NIH NeuroMab facility. The mouse anti-TAG-1 1C12 mAb and
the rabbit anti-Caspr2 antiserum were as previously described (Bel et al.,
2009; Traka et al., 2003). Anti-Caspr2 antibodies from limbic encephalitis
patients were characterized previously (Pinatel et al., 2015). Alexa Fluor
488-, 568- and 647-conjugated secondary antibodies were obtained from
Molecular Probes (ThermoFisher). Immunostaining for Caspr2–HA,
Caspr2–GFP and TAG-1–GFP was performed on live cells with
antibodies against HA or GFP, diluted 1:1000 in culture medium, for 30–
60 min. Cells were fixed with 4% paraformaldehyde in PBS for 10 min and
permeabilized with 0.1% Triton X-100 for 10 min. Immunofluorescence
staining was performed using mouse anti-ankyrinG (1:100) antibodies, and
with secondary antibodies diluted in PBS containing 3% bovine serum
albumin. After washing in PBS, cells were mounted in Mowiol
(Calbiochem, MerckMillipore). The dilution of primary antibodies used
for immunofluorescence staining is indicated in Table S2.
Cell culture
Cell culture media and reagents were fromGibco (ThermoFisher). HEK-293
cells (ATCC, Teddington, UK) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum, and were transiently
transfected using jet PEI (Polyplus transfection, Ozyme, St Quentin en
Yvelines, France). Primary hippocampal cell cultures were from embryonic
day 18 Wistar rats. Hippocampi were collected in Hanks’ balanced salt
solution, dissociated with trypsin and plated at a density of 1.2 105 cells/cm2
on poly-L-lysine-coated coverslips. The hippocampal neurons were cultured
in Neurobasal supplemented with 2% B-27, 1% penicillin-streptomycin
and 0.3% glutamine in a humidified atmosphere containing 5% CO2 at 37°
C. Hippocampal neurons were transfected with Lipofectamine 2000
(Invitrogen, ThermoFisher) at DIV7 or DIV14. All animal experiments
were carried out according to the animal care and experimentation
committee rules approved by CNRS.
Confocal microscopy and image analysis
Image acquisition was performed on a Zeiss (Carl Zeiss France, Marly le
Roi) laser-scanning microscope equipped with 63×1.32 NA oil-immersion
objective. Images of GFP or mCherry or Alexa-Fluor-stained cells were
obtained using the 488 nm band of an Argon laser and the 568 nm and
647 nm bands of a solid-state laser for excitation. Fluorescence images were
collected automatically with an average of two-frame scans. Quantitative
image analysis was performed by using ImageJ on confocal sections (20
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neurons in each condition). The fluorescence intensity was measured in two
regions of interest (the ankyrinG-positive AIS and the axon) using identical
confocal parameters. The fluorescence intensity profiles were obtained
by using Zen software (Zeiss). Statistical analysis was performed with
ANOVA.
Imaging vesicle transport
Coverslips with neurons were loaded into a sealed heated chamber in
imaging medium (Hank’s balanced salt solution pH 7.2 with 10 mM
HEPES and 0.6% glucose). Recordings were made 18 h after transfection.
The axons were selected on the basis of their much greater length by
comparison with dendrites. Live immunostaining using Alexa-Fluor-647-
coupled anti-neurofascin-186 was performed after recordings to detect the
AIS. Vesicle transport was imaged using Zeiss laser-scanning microscope
equipped with 63×1.32 NA oil-immersion objective and 37°C heating
chamber. Dual-color recordings were acquired by using simultaneous
excitation with 488 (2–4%) and 561 lasers (1–2%), and a GaSP PMT1
detector for 499–551 nm and PMT2 detector for 569-735 nm (562×240
pixels, average 2, open pinhole, 1.5 s scanning time, streamed time-lapse
recording during 4–8 min). Kymographs were generated by using ImageJ
software and were contrast inverted so that the fluorescent vesicles
corresponded to dark lines. Overlapping transport events were analyzed
and the velocity measured for each transport event.
Western blot and immunoprecipitation
HEK cells were co-transfected with Caspr2–HA or NrCAM–Caspr2cyt
constructs and CASK–mCherry or MPP2–mCherry, or with Caspr2–HA
deletion constructs and TAG-1-GFP. Cells were lyzed for 30 min on icewith
50 mM Tris, pH 7.5, 1% NP-40, 10 mM MgCl2 and protease inhibitors,
centrifuged at 4°C for 15 min at 15,000 rpm. After preclearing for 1 h at 4°C
with protein A-Sepharose, supernatants were immunoprecipitated overnight
at 4°C with protein A–Sepharose coated with rabbit anti-mCherry antibody
(2 µg), or rabbit anti-Caspr2 antiserum (2 µl). The beads were washed twice
with 50 mM Tris-HCl pH 7.4, 150 mM NaCl and 1% NP-40, twice in
50 mM Tris-HCl, 150 mM NaCl and twice in 50 mM Tris-HCl. Immune
precipitates were analyzed by immunoblotting with rat anti-HA and rabbit
anti-mCherry, or rabbit anti-Caspr2 and rabbit anti-TAG-1 antibodies. Blots
were developed using the ECL chemiluminescent detection system (Roche).
Quantitative analysis of co-immunopecipitated proteins was performed by
using the ImageJ software.
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